Introduction {#sec1}
============

Coronaviruses are a family of viruses that are known to cause both respiratory and intestinal diseases in various animal species and humans.[@bib1] These viruses tend to target the upper respiratory tract, causing anywhere from moderate to severe illnesses, such as the cold or in more extreme cases, pneumonia. To date, 7 human coronaviruses have been identified, including the 3 epidemic viruses of severe acute respiratory syndrome (SARS)-CoV, middle east respiratory syndrome (MERS)-CoV and the newest, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).[@bib2] These 3 epidemic viruses have similar sequence identity, sharing more than 50% genome sequences.[@bib3] In December of 2019, a series of pneumonia cases of unknown origin began to spread in the central city of Wuhan, China. Now identified as SARS-CoV-2, the virus had gone on to infect more than 300,000 people worldwide by March 2020.[@bib4] The coronavirus disease (COVID-19) has been labelled a pandemic by the World Health Organization (WHO) having led to thousands of deaths and hospitalizations worldwide. While most COVID-19 cases have been identified as mild, more extreme diagnoses have led to respiratory failure, septic shock, and/or multiple organ dysfunction.[@bib5] As this infectious disease continues to spread, further clinical and epidemiological characteristics must be elucidated to improve our understanding of the true extent of the virus, in order to improve diagnostic and treatment capabilities and reduce its overall impact on morbidity and mortality.

Recently, there has been some insight into the impact of COVID-19 on other organs, as a number of reports have indicated that more than half of patients with COVID-19 showed varying levels of liver disease.[@bib6] A new study found that the SARS-CoV-2 virus may bind to angiotensin-converting enzyme 2 (ACE2) on cholangiocytes, leading to cholangiocyte dysfunction and inducing a systemic inflammatory response leading to liver injury.[@bib7] As of March 10, 2020, 7 relatively large-scale hospital-based studies have reported the clinical characteristics of patients with COVID-19, including some insights into other factors, which may lead to COVID-19 induced liver damage.[@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14] In these studies, elevated levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were reported, ranging from 14% to 53%.[@bib8] ^,^ [@bib9] ^,^ [@bib11] ^,^ [@bib14] Additionally, a pathological study of liver biopsy specimens from a patient who died from COVID-19 showed moderate microvesicular steatosis and mild lobular and portal activity, indicating that SARS-CoV-2 may have led to this liver damage.[@bib15] However, little data exists that has comprehensively analyzed other liver enzymes and clinical characteristics of liver failure among patients with COVID-19. Hence, the aim of this study was to report the clinical course and liver test parameters in patients with COVID-19 admitted to the only referral hospital in Shenzhen, China. With better knowledge of pathogenesis, more targeted therapies and holistic care models could be developed, which may help to prevent severe liver injury or failure in patients with COVID-19.

Patients and methods {#sec2}
====================

Study design and participant criteria {#sec2.1}
-------------------------------------

This was a cross-sectional study among patients recruited from the Third People\'s Hospital of Shenzhen, which is the only referral hospital in Shenzhen, China. From January 11, 2020 to February 21, 2020, 417 patients diagnosed with COVID-19 based on the WHO interim guidance[@bib16] were identified. Those that had ≥1 abnormal liver test result from admission to the end of February 2020 were enrolled in the study. This study was approved by the Ethics Committee of The Third People\'s Hospital of Shenzhen (2020 019). All patients provided signed informed consent. It was not appropriate or possible to involve patients or the public in the design, conduct, or reporting of our research.

Confirmation of COVID-19 {#sec2.2}
------------------------

The presence of SARS-CoV-2 was detected by real-time reverse transcription PCR.[@bib17] Two pairs of primers targeting the open reading frame 1ab (ORF1ab) and the nucleocapsid protein (N) were amplified and examined. The corresponding sequences for ORF1ab were 5′-CCCTGTGGGTTTTACACTTAA-3′ (F), 5′-ACGATTGTGCATCAGCTGA-3′ (R), and 5′-CY3-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3′ (probe), and those for N were 5′-GGGGAACTTCTCCTGCTAGAAT-3′ (F), 5′-CAGACATTTTGCTCTCAAGCTG-3′ (R), and 5′-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3′ (probe). Each sample was run in triplicate with positive and negative control sets, as suggested. These diagnostic criteria were based on the recommendations by the National Centers for Disease Control and Prevention of China (China CDC). The Shenzhen CDC reconfirmed samples that were identified as positive for SARS-CoV-2 by the local laboratory.

Liver test parameters and abnormalities {#sec2.3}
---------------------------------------

Liver test abnormalities were defined as the elevation of the following liver enzymes in serum: ALT \>40 U/L, AST \>40 U/L, gamma-glutamyltransferase (GGT) \>49 U/L, alkaline phosphatase (ALP) \>135 U/L, and total bilirubin (TBIL) \>17.1 μmol/L. As COVID-19 is a new, emerging infectious disease, guidance or consensus on liver injury classifications are lacking. Thus, we classified the pattern of these abnormalities as hepatocellular, cholestatic, or mixed. Patients who had raised ALT and/or AST more than 3× the upper limit unit of normal (ULN) were classified as hepatocyte type; patients who had raised ALP or GGT twice the ULN were classified as cholangiocyte type; and patients who had a combination of both ALT/AST elevated more than 3× the ULN and ALP/GGT twice the ULN were classified as mixed type (Abnormality type (1)). To further describe liver test characteristics, we defined ALT and/or AST over 3× ULN, ALP, GGT, and/or TBIL over 2× ULN as liver injury. Moreover, as the magnitude of the liver test elevations in our patients ranged from mild to moderate, we also defined patterns of liver abnormality according to another criteria. Patients were classified as hepatocyte type when the AST/ALT activity was higher than the ALP/GGT activity, with the liver enzyme activities calculated by multiples of their ULN, respectively, and were classified as cholangiocyte type when the reverse occurred (Abnormality type (2)).

Severity of COVID-19 {#sec2.4}
--------------------

As per the national guidelines for community-acquired pneumonia and the diagnosis and treatment plan for the new coronavirus in China,[@bib18] ^,^ [@bib19] all patients were classified into severe or mild cases based on results from chest radiography, clinical examination, and symptoms. Patients with mild symptoms (*i.e.*, fever, cough, expectoration, and other upper respiratory tract symptoms), and without abnormalities, or with mild changes on chest radiography, were classified as non-severe types.[@bib8] A mild change in chest radiography is defined by multiple small patchy shadows and interstitial changes, mainly in the outer zone of the lung and under the pleura. Severe pneumonia was defined by the presence of any of the following conditions: i) significantly increased respiration rate (RR): RR ≥30 times/minute; ii) hypoxia: oxygen saturation (resting state) ≤93%; iii) blood gas analysis: partial pressure of oxygen/fraction of inspired oxygen (PaO~2)~ /FiO~2~) ≤300 mmHg (millimeters of Mercury); or iv) the occurrence of respiratory or other organ failure that requires intensive care unit (ICU) monitoring and treatment, or shock.

We also investigated the pathological characteristics of a patient who died from COVID-19 by obtaining biopsy samples at autopsy.

Statistical analysis {#sec2.5}
--------------------

Categorical variables were described as frequency and percentages, and continuous variables as mean and SD or median and IQR. Means for continuous variables were compared using independent group *t* tests when the data were normally distributed; otherwise, the Mann-Whitney *U* test was used. Comparison of categorical variables was done using the χ^2^ test or the Fisher exact test, if the cell counts were small. Multivariable logistic regression was used to explore the association between liver test abnormalities and the severity of disease, and the association between drugs and liver injury, using odds ratios (ORs) and 95% CIs. As the presence of underlying liver disease may also play a role in the association of liver tests with disease severity, we also conducted sensitivity analyses excluding patients with underlying liver disease, including chronic hepatitis B and alcoholic/non-alcoholic fatty liver disease (NAFLD). NAFLD was defined by ultrasonographic detection or CT measurements of steatosis, with the exclusion of both secondary causes and of a daily alcohol consumption ≥30 gram in men and ≥20 gram in women.[@bib20] HBV infection was defined by the positive test for hepatitis B surface antigen.[@bib21] Furthermore, we used inverse probability weighting (IPW) to adjust for potential confounders and to account for possible selection bias induced by the severity of disease at admission when examining the effects of drugs on liver injury. All statistical analyses were performed using STATA/SE version 16.0 software (StataCorp. 2019. *Stata Statistical Software: Release 16*. College Station, TX: StataCorp LLC). A 2-sided α of less than 0.05 was considered statistically significant.

Results {#sec3}
=======

Clinical features of patients with COVID-19 {#sec3.1}
-------------------------------------------

Of 417 patients with COVID-19, 318 (76.3%) had abnormal liver test results and 90 (21.5%) had liver injury during hospitalization. Ninety-one (21.8%) developed severe disease and 326 (78.2%) had mild disease during hospitalization ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1Liver test abnormality during hospitalization in patients with COVID-19 by severity of disease.(Bars represent number of patients).

Clinical features of patients with COVID-19 at admission {#sec3.2}
--------------------------------------------------------

[Table 1](#tbl1){ref-type="table"} shows that at admission, about half of the patients had abnormal liver test results and 21 (5%) had liver injury. Patients with abnormal liver test results were older, had a higher body mass index (BMI), were male, and had no clear contact history (*p* \<0.05). Patients also tended to have underlying liver diseases, including NAFLD, alcoholic liver disease, and chronic hepatitis B (*p* = 0.001), and had cough as an initial symptom (*p* = 0.04) ([Table 1](#tbl1){ref-type="table"}). Most of the patients had abnormal liver test results within 1--2× ULN at admission and only a few (\<4%) had abnormal liver test results higher than 2× ULN. The increase in GGT at admission appeared to be more pronounced, with 53 (12.71%) having 1--2× ULN, 5 (1.2%) having 2--3× ULN, and 10 (2.4%) having more than 3× ULN ([Table 1](#tbl1){ref-type="table"}).Table 1Characteristics of 417 patients with COVID-19 at admission by liver tests.CharacteristicsLiver testsTotal*p* valueNormalAbnormalInjuryNumber (%)225 (54.0)170 (41.0)22 (5.0)417Age, year, median (IQR)47 (33--59)47 (33--61)53 (42--64)47 (34--60)0.04 \<105 (2.22)15 (8.77)0 (0)20 (4.8)0.03 10--197 (3.11)7 (4.09)0 (0)14 (3.36) 20--3975 (33.33)50 (29.24)3 (14.29)128 (30.7) 40--4939 (17.33)20 (11.7)5 (23.81)64 (15.35) ≥5099 (44)79 (46.2)13 (61.9)191 (45.8)Males, n (%)81 (36)103 (60.2)14 (66.7)198 (47.5)\<0.001BMI, kg/m^2^, median (IQR)22.6 (20.6--25)23.7 (21.4--26.2)25.8 (22.2--27)23.1 (21.2--25.6)0.004Epidemiology information, n (%) From Hubei135 (60)82 (47.95)9 (42.86)226 (54.2)0.03 Not been to Hubei, but infected by individuals from Hubei80 (35.56)70 (40.94)9 (42.86)159 (38.13) Without any clear contact history10 (4.44)19 (11.11)3 (14.29)32 (7.67)Comorbidities, n (%) Diabetes12 (5.33)10 (5.85)1 (4.76)23 (5.52)0.96 Hypertension25 (11.11)27 (15.79)6 (28.57)58 (13.91)0.06 Liver disease[†](#tbl1fndagger){ref-type="table-fn"}4 (1.78)14 (8.19)3 (14.29)21 (5.04)0.001Initial symptoms, n (%) Fever147 (65.3)118 (69.0)14 (66.7)279 (66.9)0.74 Cough73 (32.4)73 (42.7)11 (52.4)157 (37.7)0.04Chest radiography, n (%) No change29 (12.89)35 (20.47)2 (9.52)66 (15.83)0.18 Mild36 (16)20 (11.7)1 (4.76)57 (13.67) Advanced140 (62.2)96 (56.14)15 (71.4)251 (60.2) Severe20 (8.89)20 (11.7)3 (14.29)43 (10.31)ALT, U/L, median (IQR)17 (12--24)27 (18--39.5)47 (38--65.2)21 (15--31)\<0.001 Normal225 (100)132 (77.19)6 (28.57)363 (87.1)\<0.001 1--2 ULN, n (%)0 (0)35 (20.47)13 (61.9)48 (11.51) 2--3 ULN, n (%)0 (0)4 (2.34)1 (4.76)5 (1.2) \>3 ULN, n (%)0 (0)0 (0)1 (4.76)1 (0.24)AST, U/L, median (IQR)23 (19--28)34 (24.3--43)47.2 (30.9--63.8)26.5 (21--35)\<0.001 Normal225 (100)108 (63.16)8 (38.1)341 (81.77)\<0.001 1--2 ULN, n (%)0 (0)58 (33.92)11 (52.38)69 (16.55) 2--3 ULN, n (%)0 (0)5 (2.92)1 (4.76)6 (1.44) \>3 ULN, n (%)0 (0)0 (0)1 (4.76)1 (0.24)TBIL, μmol/L, median (IQR)9.55 (7.6--12.6)16.8 (9.3--22)17.2 (9.2--34.3)10.9 (8.3--16.3)\<0.001 Normal222 (100)86 (50.29)10 (47.62)318 (76.81)\<0.001 1--2 ULN, n (%)0 (0)85 (49.71)5 (23.81)90 (21.74) 2--3 ULN, n (%)0 (0)0 (0)5 (23.81)5 (1.21) \>3 ULN, n (%)0 (0)0 (0)1 (4.76)1 (0.24)ALP, U/L, median (IQR)59 (48--70.5)63 (52--79)68 (56--81)61 (50.5--74.5)\<0.001 Normal180 (100)120 (88.89)16 (94.12)316 (95.18)\<0.001 1--2 ULN, n (%)0 (0)14 (10.37)1 (5.88)15 (4.52) 2--3 ULN, n (%)0 (0)1 (0.74)0 (0)1 (0.3) \>3 ULN, n (%)0 (0)0 (0)0 (0)0 (0)GGT, U/L, median (IQR)21.71 (9.04)36.45 (21.94)134.91 (108.04)33.45 (37.41)\<0.001 Normal225 (100)120 (70.18)4 (19.05)349 (83.69)\<0.001 1--2 ULN, n (%)0 (0)51 (29.82)2 (9.52)53 (12.71) 2--3 ULN, n (%)0 (0)0 (0)5 (23.81)5 (1.2) \>3 ULN, n (%)0 (0)0 (0)10 (47.62)10 (2.4)[^3][^4]

Clinical features of patients with COVID-19 and abnormal liver tests during hospitalization {#sec3.3}
-------------------------------------------------------------------------------------------

[Table 2](#tbl2){ref-type="table"} shows that, of the 318 patients with COVID-19 and abnormal liver test results during hospitalization, 26.7% progressed to severe pneumonia. Regarding the patterns of abnormal liver test results, 20.75% were hepatocyte type, 29.25% were cholestatic type, and 43.4% were mixed type ([Table 2](#tbl2){ref-type="table"}). The presence of liver test abnormalities became more pronounced during hospitalization for ALT, AST, TBIL and GGT, with 33 (10.38%), 18 (5.66%), 9 (2.83%), and 37 (11.64%) patients exhibiting abnormal levels more than 3× ULN, respectively ([Table 2](#tbl2){ref-type="table"}).Table 2Clinical characteristics of 318 patients with COVID-19 and abnormal liver test results during hospitalization.CharacteristicsDisease severityTotal*p* valueNon-severeSevereN (%)233 (73.27)85 (26.73)318--Abnormality type, n (%) Hepatocellular50 (21.46)16 (18.82)66 (20.75)\<0.001 Cholestatic86 (36.91)7 (8.24)93 (29.25) Mixed78 (33.48)60 (70.59)138 (43.4)ALT, U/L, Median (IQR)41 (23--65)67 (47--100)46 (27--76)0.003 Normal116 (49.79)15 (17.65)131 (41.19)\<0.001 1--2 ULN, n (%)75 (32.19)38 (44.71)113 (35.53) 2--3 ULN, n (%)27 (11.59)14 (16.47)41 (12.89) \>3 ULN, n (%)15 (6.44)18 (21.18)33 (10.38)AST, U/L, Median (IQR)34 (27--45)58 (41--93)38 (28--52)0.005 Normal147 (63.09)21 (24.71)168 (52.83)\<0.001 1--2 ULN, n (%)74 (31.76)39 (45.88)113 (35.53) 2--3 ULN, n (%)10 (4.29)9 (10.59)19 (5.97) \>3 ULN, n (%)2 (0.86)16 (18.82)18 (5.66)TBIL, μmol/L, Median (IQR)19 (13--26)22 (18--28)20 (14--27)\<0.001 Normal93 (39.91)21 (24.71)114 (35.85)\<0.001 1--2 ULN, n (%)123 (52.79)58 (68.24)181 (56.92) 2--3 ULN, n (%)14 (6.01)0 (0)14 (4.4) \>3 ULN, n (%)3 (1.29)6 (7.06)9 (2.83)ALP, U/L, Median (IQR)69 (57--89)79 (62--101)73 (59--92)0.31 Normal180 (89.55)72 (87.8)252 (89.05)0.78 1--2 ULN, n (%)20 (9.95)9 (10.98)29 (10.25) 2--3 ULN, n (%)1 (0.5)1 (1.22)2 (0.71) \>3 ULN, n (%)0 (0)0 (0)0 (0)GGT, U/L, Median (IQR)40 (25--61)92 (53--161)47.5 (28--83)\<0.001 Normal142 (60.94)21 (24.71)163 (51.26)\<0.001 1--2 ULN, n (%)67 (28.76)25 (29.41)92 (28.93) 2--3 ULN, n (%)12 (5.15)14 (16.47)26 (8.18) \>3 ULN, n (%)12 (5.15)25 (29.41)37 (11.64)Drug-use, n (%) Antibiotics14 (29.79)33 (76.74)47 (52.22)\<0.001 NSAIDs78 (33.48)57 (67.06)135 (42.45)\<0.001 Ribavirin57 (24.46)38 (44.71)95 (29.87)\<0.001 Oseltamivir55 (23.61)27 (31.76)82 (25.79)0.14 Herbal medications189 (81.12)83 (97.65)272 (85.53)\<0.001 Interferon196 (84.12)83 (97.65)279 (87.74)0.001 Lopinavir/ritonavir210 (90.13)78 (91.76)288 (90.57)0.66Multi-organ failure, n (%)0 (0)10 (11.76)10 (3.14)--Liver failure022[^5]

[Table 2](#tbl2){ref-type="table"} also shows that, in the 318 patients with abnormal liver test results, those who progressed to severe cases tended to be mixed type (*p* = 0.01), had higher ALT, AST, TBIL and GGT (*p* \<0.005), but not ALP ([Table 2](#tbl2){ref-type="table"}). The use of drugs that may induce liver injury including antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), ribavirin, herbal medications, and interferon were associated with severity of disease (all *p* ≤0.001) in patients with abnormal liver test results, except for lopinavir/ritonavir (*p* = 0.66) and oseltamivir (*p* = 0.14).

Clinical features of patients with COVID-19 and liver injury during hospitalization {#sec3.4}
-----------------------------------------------------------------------------------

[Table 3](#tbl3){ref-type="table"} shows that in 90 patients with COVID-19 and liver injury during hospitalization, about half were severe cases. Increases in ALT and GGT were frequent (elevated to more than 3× ULN in 37% and 41% of patients, respectively), while increases in AST and TBIL were slightly less frequent (elevated to more than 3× ULN in 20% and 10% of patients, respectively). The increase in ALP was not pronounced, with only 1 patient exhibiting an elevation to more than 3× ULN. The use of antibiotics, NSAIDs, Chinese herbal medications, and interferon were associated with progression to severe disease (*p* from \<0.001 to 0.04). Moreover, 10 (23.26%) of the severe cases presented with multi-organ failure. Of the 10 patients who developed multiple organ failure, 3 patients died (1 patient had liver failure). In addition to respiratory failure, these 10 patients had other complications, including liver failure (2/10), septic shock (9/10), heart failure (4/10), renal failure (8/10), gastrointestinal hemorrhage (1/10), and disseminated intravascular coagulation (2/10). Except for respiratory failure, most of these complications, including liver failure, were related to severe secondary infections in the ICU.Table 3Clinical characteristics of patients with COVID-19 and liver injury.CharacteristicsDisease severityTotal*p* valueNon-severeSevereN (%)47 (52.22)43 (47.78)90--Abnormality type (1),[†](#tbl3fnddagger){ref-type="table-fn"} n (%) Hepatocellular8 (17.02)0 (0)8 (8.89)0.001 Cholestatic8 (17.02)2 (4.65)10 (11.11) Mixed28 (59.57)41 (95.35)69 (76.67)Abnormality type (2),[†](#tbl3fnddagger){ref-type="table-fn"} n (%) Hepatocellular20 (42.55)17 (39.53)37 (41.11)0.77 Cholestatic27 (57.45)26 (60.47)53 (58.89)ALT, U/L, Median (IQR)84 (42--136)96 (63--159)90.5 (53--145)0.17 Normal10 (21.28)2 (4.65)12 (13.33)0.14 1--2 ULN, n (%)12 (25.53)13 (30.23)25 (27.78) 2--3 ULN, n (%)10 (21.28)10 (23.26)20 (22.22) \>3 ULN, n (%)15 (31.91)18 (41.86)33 (36.67)AST, U/L, Median (IQR)45 (29--81)80 (56--145)63 (36--101)0.1 Normal20 (42.55)4 (9.3)24 (26.67)\<0.001 1--2 ULN, n (%)15 (31.91)16 (37.21)31 (34.44) 2--3 ULN, n (%)10 (21.28)7 (16.28)17 (18.89) \>3 ULN, n (%)2 (4.26)16 (37.21)18 (20)TBIL, μmol/L, Median (IQR)22 (15--41)25 (19--32)23.5 (16--37)0.13 Normal16 (34.04)9 (20.93)25 (27.78)\<0.001 1--2 ULN, n (%)14 (29.79)28 (65.12)42 (46.67) 2--3 ULN, n (%)14 (29.79)0 (0)14 (15.56) \>3 ULN, n (%)3 (6.38)6 (13.95)9 (10)ALP, U/L, Median (IQR)77 (65--97)92 (76--130)83 (66--114.5)0.01 Normal39 (95.12)33 (76.74)72 (85.71)0.05 1--2 ULN, n (%)2 (4.88)9 (20.93)11 (13.1) 2--3 ULN, n (%)0 (0)1 (2.33)1 (1.19) \>3 ULN, n (%)0 (0)0 (0)0 (0)GGT, U/L, Median (IQR)101 (39--148)161 (122--211)130.5 (77--187)\<0.001 Normal16 (34.04)0 (0)16 (17.78)\<0.001 1--2 ULN, n (%)7 (14.89)4 (9.3)11 (12.22) 2--3 ULN, n (%)12 (25.53)14 (32.56)26 (28.89) \>3 ULN, n (%)12 (25.53)25 (58.14)37 (41.11)Drug-use, n (%) Antibiotics14 (29.79)33 (76.74)47 (52.22)\<0.001 NSAIDs18 (38.3)29 (67.44)47 (52.22)0.006 Ribavirin16 (34.04)17 (39.53)33 (36.67)0.59 Oseltamivir11 (23.4)17 (39.53)28 (31.11)0.10 Herbal42 (89.36)43 (100)85 (94.44)0.03 Interferon38 (80.85)41 (95.35)79 (87.78)0.04 Lopinavir/ritonavir45 (95.74)41 (95.35)86 (95.56)0.93Multi-organ failure, n (%)0 (0)10 (23.26)10 (11.11)--[^6][^7]

Association of abnormal liver function tests and COVID-19 disease severity by multivariate analysis {#sec3.5}
---------------------------------------------------------------------------------------------------

[Table 4](#tbl4){ref-type="table"} shows that, after adjustment for age, sex, epidemiological history, liver comorbidities, and initial symptoms, abnormality or injury as indicated by liver tests at admission was not associated with disease severity. Using the definition of abnormality type (1), patients with hepatocellular type were at almost 3-fold greater risk of severe COVID-19 compared to those without liver test abnormalities (OR 2.73; CI 1.19--6.30; *p* = 0.02) and those with a mixed abnormality were at 4.44 higher odds of severe disease (OR 4.44; CI 1.93--10.23; *p* \<0.001). Moreover, when using the definition of abnormality type (2), patients who were classified as hepatocellular type and cholestatic type were at ∼3-fold greater risk of developing severe COVID-19 (OR 3.83; 95% CI 1.45--10.11; *p* = 0.007 and OR 3.45; 95% CI 1.25--9.5; *p* = 0.02, respectively). Sensitivity analyses excluding 21 patients with preexisting liver disease showed similar results, with the adjusted ORs (95% CIs) for severity being 1.73 (0.94--3.16) and 1.86 (0.58--5.92) in patients with abnormal liver tests and liver injury, respectively (Table not shown).Table 4Association of abnormal liver test results with COVID-19 severity (severe *vs*. non-severe).Crude OR (95% CIs)*p* valueAdjusted OR (95% CIs)[†](#tbl4fndagger){ref-type="table-fn"}*p* value**At admission**Liver tests Normal1.001.00 Abnormal1.93 (1.18--3.16)0.0091.64 (0.91--2.95)0.10 Injury3.94 (1.55--10.03)0.0042.03 (0.69--5.98)0.20Abnormality type (1)[‡](#tbl4fnddagger){ref-type="table-fn"} Normal1.001.00 Hepatocellular5.26 (2.58--10.75)\<0.0012.73 (1.19--6.3)0.02 Cholestatic1.07 (0.54--2.13)0.841.28 (0.58--2.82)0.55 Mixed4.82 (2.42--9.6)\<0.0014.44 (1.93--10.23)\<0.001Abnormality type (2)[‡](#tbl4fnddagger){ref-type="table-fn"} Normal1.001.00 Hepatocellular2.34 (1.36--4.03)0.0021.64 (0.86--3.12)0.14 Cholestatic1.83 (1.00--3.35)0.0491.75 (0.84--3.64)0.14**Peak values of liver test parameters during hospitalization**Liver tests Normal1.001.00 Abnormal3.5 (1.44--8.53)0.0062.48 (0.94--6.55)0.07 Injury14.18 (5.63--35.7)\<0.0019.04 (3.19--25.6)\<0.001Abnormality type (1)[‡](#tbl4fnddagger){ref-type="table-fn"} Normal1.001.00 Hepatocellular4.48 (1.8--11.15)0.0013.19 (1.15--8.84)0.03 Cholestatic1.14 (0.4--3.26)0.811.09 (0.34--3.49)0.88 Mixed10.77 (4.88--23.78)\<0.00111.22 (4.42--28.45)\<0.001Abnormality type (2)[‡](#tbl4fnddagger){ref-type="table-fn"} Normal1.001.00 Hepatocellular6.05 (2.49--14.71)\<0.0013.83 (1.45--10.11)0.007 Cholestatic5.17 (2.08--12.83)\<0.0013.45 (1.25--9.5)0.02[^8][^9][^10]

After similar adjustment, patients with liver injury were at a 9-fold greater risk of severe COVID-19 (OR 9.04; 95% CI 3.19--25.6; *p* \<0.001). Having hepatocyte type or a mixed type (OR 3.19; 95% CI 1.15--8.84, and 11.22; 95% CI 4.42--28.45, respectively) also increased the odds of developing severe disease. Sensitivity analyses excluding 21 patients with preexisting liver disease showed similar results, with the adjusted ORs (95% CIs) for severity being 2.41 (0.91--6.42) and 9.62 (3.34--27.7) in patients with abnormal liver tests and liver injury during hospitalization, respectively (Table not shown).

Moreover, after similar adjustment, patients treated with ACE-inhibitors/angiotensin II receptor blockers (ARBs) did not show differential odds for severe disease compared to patients taking other antihypertensive drugs (*i.e*., nifedipine), with the adjusted OR being 0.70 (95% CI 0.20--2.36; *p* = 0.56) (Table not shown).

Compared to those without the use of the suspected drugs that may lead to liver dysfunction (including antibiotics, NSAIDs, ribavirin, herbal medications, and interferon), no significant evidence showed the use of such drugs led to a higher risk of liver injury (*p* \>0.05 in IPW estimation), except for lopinavir/ritonavir (OR 4.44; 95% CI 1.50--13.17 in multivariable model and 5.03, 1.78--14.23 in the IPW estimation; *p* \<0.01) ([Fig. 2](#fig2){ref-type="fig"} ). Patients who used lopinavir/ritonavir had much higher levels of TBIL and GGT during hospitalization (*p* from \<0.004) ([Table S1](#appsec1){ref-type="sec"}). One patient aged 69 years who died from COVID-19 had a liver biopsy. Histological examination showed no obvious inflammation in the portal area ([Fig. 3](#fig3){ref-type="fig"} A). The structure of the interlobular bile duct, interlobular vein, and interlobular artery were clear; the hepatocytes in the interlobular region were orderly, and a few hepatocytes were observed to have slightly vesicular steatosis and watery degeneration (probably due to ischemia and hypoxia). In [Fig. 3](#fig3){ref-type="fig"}B, slight vesicular steatosis and watery degeneration were observed in the hepatocytes, and a few inflammatory cells (neutrophils, plasma cells, and Kupffer cells) were found in the hepatic sinuses.Fig. 2Adjusted odds ratios (95% CIs) for liver injury associated with use of drugs in patients with COVID-19.All results were adjusted for radiography image grade at admission, age, sex, body mass index and comorbidities. Triangle legends for results from multivariable regression and circle legends for inverse probability weighting. Levels of significance: both *p* values \<0.01 for lopinavir/ritonavir; all *p* values \>0.05 for other drugs (multivariable logistic regression). IPW, inverse probability weighting; NSAIDs, non-steroidal anti-inflammatory drugs.Fig. 3Liver biopsy of 1 patient aged 69 years who died from the COVID-19.(A) (20×) There was no obvious inflammation in the portal area. The structure of interlobular bile duct, interlobular vein and interlobular artery was clear; the hepatocytes in the interlobular were arranged orderly, and a few hepatocytes were observed slightly vesicular steatosis and watery degeneration (possibly related to ischemia and hypoxia). (B) (40×) The hepatocytes were observed slightly vesicular steatosis and watery degeneration, and a few inflammatory cells (neutrophils, plasma cells and Kupffer cells) were found in hepatic sinuses.

Discussion {#sec4}
==========

Our study is the first, and perhaps most comprehensive, to describe the liver test results in patients with COVID-19. Compared to patients with normal liver tests at admission, those who had abnormal liver test results, especially in hepatocyte type or mixed type, had significantly higher risks of developing severe pneumonia. As almost all patients had liver tests at admission, liver test abnormalities can be used as a predictor for the severity of the disease. More than 90% of patients with abnormal liver tests were mild at admission (*i.e.*, with \<2× ULN), and about 24% of them developed increased ALT and GGT levels to substantially more than 3× ULN during hospitalization. However, the increase in AST and TBIL to more than 3× ULN were moderate (12% and 15%, respectively), and no increase in ALP was found. Patients with elevated liver enzymes classified as hepatocyte type at admission or during hospitalization had significantly higher odds of progressing to severe COVID-19. After admission, the use of drugs, especially lopinavir and ritonavir, was the most important risk factor for liver damage. The use of lopinavir/ritonavir increased the odds of liver injury by 4-fold. Thus, it is suggested to closely monitor patients who used these particular therapies, especially in those who had abnormal liver test results at admission.

The liver test abnormality rate in our study was higher than previously reported and only a small portion had underlying liver disease, suggesting that liver damage in patients with coronavirus infection might be directly caused by the viral infection of liver cells.[@bib22] Two recent studies showed that ACE2 was the key receptor for SARS-CoV-2 cell entry,[@bib23] ^,^ [@bib24] which was mainly localized in the heart, kidney, and testes, and expressed at a low level in many other tissues, especially in the colon and lung.[@bib25] Another recent study showed that SARS-CoV-2 might directly bind to ACE2 positive cholangiocytes and cause liver damage,[@bib7] which may partially explain the contribution of SARS-CoV-2 infection to the liver test dysfunction in our patients. Moreover, the use of ACE-inhibitors and ARBs might also affect liver tests. All patients in this study with hypertension used ACE-inhibitors/ARBs at admission, subsequently, these medications may have influenced their abnormal liver tests. However, although we found that those receiving ACE-inhibitors/ARBs appeared to have a higher percentage of abnormal liver tests at admission (15.6--28.6% *vs.* 11.1%), the difference was not statistically significant. Additionally, we excluded these 58 patients with hypertension at admission and found that the prevalence of abnormal liver function tests remained similar (from 46% to 44%), suggesting that the influence of ACE-Is/ARBs drugs on liver tests at admission, if any, should be minor. Moreover, our study showed that patients treated with ACE-inhibitors/ARBs were not at increased odds of progressing to severe disease compared to patients taking other antihypertensive drugs. The prevalence of abnormal liver tests increased to 76% during hospitalization, which could be due to a more frequent examination (*i.e*., every 3 to 5 days) and drugs used during hospitalization. Note that 84% of patients used lopinavir/ritonavir during hospitalization, drugs which have been reported to cause liver damage and affect liver tests.[@bib26]

In our study, GGT was elevated substantially at admission and increased to a much higher level during hospitalization, whereas the increase in ALP was not pronounced. Both GGT and ALP were considered as "cholangiocyte-related enzymes". However, besides the bile duct, ALP is present in bone, intestine, kidney, and placenta, while GGT is mainly distributed in the cell membranes of many tissues including kidneys, bile duct, pancreas, gallbladder, spleen, heart, brain, and seminal vesicles. Hence, for bile duct injury, ALP is more sensitive than GGT. For patients with elevated GGT level and normal ALP, drug-induced liver injury and injury in other organs should be considered, but cannot be classified into the bile duct type.[@bib27] ^,^ [@bib28]

We observed a substantial increase in the incidence of liver injury after admission. In our study, about 90% patients with abnormal liver test results were mild at admission (*i.e.*, with \<2× ULN), and more than 10% of them had increased levels of ALT and GGT (more than 3× ULN) during hospitalization. The increases in AST and TBIL to more than 3× ULN were moderate (about 6% and 3%, respectively), and no increase in ALP was found. For these patients, there were few other factors affecting liver test abnormality, such as underlying liver disease and drug usage, hence, we speculate that the disease itself is the most likely cause of this change. However, for hospitalized patients, more attention should be paid to drug-induced liver damage.

In addition, the liver biopsy specimens of the patient who died from COVID-19 showed that the raised liver enzymes during hospitalization could be partly due to the drugs used for treatment, and the observed liver test abnormality might be due to sepsis and shock. The 2 cases of liver failure occurring in patients with sepsis and multiple organ failure also support this hypothesis.

As it may take years to develop new agents specifically for SARS-CoV-2, an efficient approach is to test whether existing antiviral drugs are effective in treating the SARS-CoV-2 infection. Our study showed that the use of lopinavir/ritonavir was associated with 4× higher odds of liver injury. Lopinavir/ritonavir have previously been used to treat patients with SARS[@bib23] and HIV[@bib24] infections in China and are widely used (84%) in our patients with COVID-19. However, given the potentially high risk of liver injury, efficacy and safety of these therapies warrant further investigation. Moreover, in China, drug-induced liver impairment is most frequently reported with antibiotics and Chinese herbal medicine.[@bib29] The present study suggested that the use of antibiotics, but not Chinese herbal medicine, was associated with liver injury in patients with SARS-CoV-2 infection in the multivariable regression model. Although the results from the IPW model did not show statistical significance, it is also important for clinicians to be aware of these cases, which may need to be carefully monitored.

Compared to patients with normal liver tests, those who had abnormal liver test results, especially in hepatocyte or mixed type (*i.e*., raised ALT/AST, or both ALT/AST and ALP/GGT) at admission or during hospitalization had significantly higher odds of progressing to severe COVID-19. Exacerbation to severe pneumonia is an important clinical endpoint, indicating a higher mortality rate, requiring ICU support, or mechanical ventilation. In previous studies, the risk factors of severe COVID-19 included age, gender, and underlying diseases.[@bib8] ^,^ [@bib9] ^,^ [@bib30], [@bib31], [@bib32] This is one of the first reports to highlight abnormal liver tests related to severe disease. It is speculated that the SARS-CoV-2 virus is not only highly transmissible, but may also cause severe multi-organ dysfunction in humans,[@bib33] ^,^ [@bib34] and our results, to some extent, support this hypothesis.

The present study has some limitations. First, as patients of this study were from a single, large city in China, these findings cannot be generalized to rural communities or other regions of varying epidemiological characteristics. Second, as very few patients died from the disease in our study (only 3 patients died during the course of the study), the potential influence of liver abnormality or injury on mortality cannot be assessed. As new cases are emerging globally, further studies in large patient series are warranted. In addition, data on other causes of liver injury in the patients progressing to liver injury, such as herbal medicines or other drugs used as self-medication before developing COVID-19 pneumonia, were not available from our patients. However, since the start of the COVID-19 outbreak in China in December 2019, discussion about COVID-19 has spread rapidly on the Internet and has quickly become the focus of worldwide attention. Shenzhen is one of the most developed cities in China and access to the Internet is widespread, meaning many in the population would have a high degree of awareness of the disease. Most (*i.e*., \>70%) patients went to the hospital within 5 days after the onset disease symptoms and rarely used over-the-counter medicine to self-treat because medical insurance is widely available in Shenzhen. Hence, although the data on herbs and other drugs used as self-medication before developing COVID-19 pneumonia was not available in our study, their influence on the results might not be substantial. Lastly, we did not apply the definition of drug-induced liver injury from the European Association for the Study of the Liver clinical practice guidelines,[@bib35] as currently there was no evidence indicating that the abnormal liver injury during hospitalization was fully induced by the drugs used.

In conclusion, we estimated the clinical characteristics of COVID-19 pneumonia in patients with abnormal liver test results. Patients with abnormal liver tests were at increased risk of progressing to severe disease. The detrimental effects on liver injury mainly related to certain medications used during hospitalization, and should be monitored and evaluated frequently.
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[^3]: ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; NSAIDs, non-steroidal anti-inflammatory drugs; TBIL, total bilirubin abnormal; ULN, upper limit of normal.

[^4]: Liver comorbidities include non-alcoholic fatty liver disease, alcoholic liver disease and chronic hepatitis B.

[^5]: ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; NSAIDs, non-steroidal anti-inflammatory drugs; TBIL, total bilirubin abnormal; ULN, upper limit of normal.

[^6]: ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; NSAIDs, non-steroidal anti-inflammatory drugs; TBIL, total bilirubin abnormal; ULN, upper limit of normal.

[^7]: Abnormality type (1): Patients who had raised ALT and/or AST more than 3× the ULN were classified as hepatocyte type; patients who had raised ALP or GGT twice the ULN were classified as cholangiocytes type; and patients who had a raised combination of both ALT/AST more 3 time the ULN and ALP/GGT twice the ULN were classified as mixed type. Abnormality type (2): patients were classified as hepatocyte type when the AST/ALT activity was higher than the ALP/GGT activity and were classified as cholangiocyte type when the reverse occurred.

[^8]: ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; OR, odds ratio; ULN, upper limit of normal.

[^9]: Adjusted for age, sex, epidemiological history, body mass index, liver comorbidity and cough.

[^10]: Abnormality type (1): Patients who had raised ALT and/or AST more than 3× the ULN were classified as hepatocyte type; patients who had raised ALP or GGT twice the ULN were classified as cholangiocytes type; and patients who had a raised combination of both ALT/AST more 3 time the ULN and ALP/GGT twice the ULN were classified as mixed type. Abnormality type (2): patients were classified as hepatocyte type when the AST/ALT activity was higher than the ALP/GGT activity, and were classified as cholangiocyte type when the reverse occurred.
